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We report growth optimizations of the thin AlN film on (0001) 4H-SiC substrates by metalorganic chemical vapor deposition. 
The influence of growth conditions, such as growth temperature and the V/III molar ratio, on the material quality of AlN film 
is studied. The surface morphology and crystalline quality of the epitaxial layers are investigated by atomic force 
microscope, X-ray diffraction, and transmission electronic microscope. A new approach is demonstrated to improve the 
crystalline quality of a 100 nm-thick AlN film by the use of a 5 nm-thick low temperature AlN nucleation layer. Compared to a 
conventional AlN layer directly grown on SiC substrate at high temperature, the surface morphology of two-step AlN film is 
remarkably improved along with a decreasing of defect density, leading to the improvement of crystalline quality for the 
subsequently grown GaN layer. The mechanisms of crystalline quality improvement by use of a low temperature AlN nucleation 
layer are also investigated and discussed.  
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AlGaN/GaN based high electron mobility transistors 
(HEMT) have offered great promise for high power, high 
voltage operations at microwave frequencies [1, 2]. 
Among the principle foreign substrates that are used for 
III-nitride epitaxy, SiC has remarkable advantages over 
sapphire and silicon for the development of high 
performance AlGaN/GaN HEMT device because of its 
high thermal conductivity, and reduced thermal and lattice 
mismatches with AlN (0.9%) and GaN (3.4%). A thin AlN 
film (∼ 100 nm) has been widely applied as a buffer layer 
on SiC in order to improve the crystal quality of the 
subsequent GaN by reducing the direct mismatch between 
GaN and SiC substrate, as well as for promoting the 
wetting of the substrate surface [3-6]. High crystalline 
quality AlN and GaN layers are desirable in AlGaN/GaN 
HEMT structure because the crystal defects can either 
cause a current collapse by deep trapping effects, or have 
negative effects on the interface roughness of the 
heterostructure. Moreover, it was reported that 
improvement of AlN quality can reduce the thermal 
resistance of AlGaN/GaN electronic device, i. e., 
temperature rise per input power density, which is 
responsible for an additional 30%–50% increase in device 
channel temperature in today’s AlGaN/GaN on SiC 
devices [7, 8]. Therefore, it provides a solution to improve 
the reliability of the AlGaN/GaN based HEMT devices by 
improving the thin AlN buffer quality. Furthermore, high 
quality AlN also has potential to be used for optoelectronic 
devices. AlN based deep ultraviolet (~ 200 nm) light 
emitting diodes and photodetectors that are fabricated on 
SiC substrate have been demonstrated recently [9, 10].  
Generally, the AlN buffer is grown directly on SiC at 
high temperature (>1100 °C) to enhance the surface 
motivation of the adatoms, and to achieve a single 
crystalline film, while a low growth temperature (<1050 
ºC) leads to polycrystalline material [3]. The heteroepitaxy 
of high quality AlN is very difficult due to the poor motion 
of Al atoms on the growing surface, as well as the high 
bond energy of Al and N [11]. In order to obtain high 
quality AlN with an atomic smooth surface, high 
temperature (T>1400ºC) metalorganic chemical vapor 
deposition (MOCVD) growth is applied to enhance the Al 
atom diffusion length [12]. However, high temperature 
MOCVD system requires specialized heater and growth 
reactor designs. It is desirable to grow high quality AlN at 
a relatively low temperature which is compatible with the 
typical III-nitride MOCVD system by using novel growth 
schemes. These factors provide strong motivation to 
investigate the MOCVD growth conditions that lead to 
high crystalline quality thin AlN films that can 
consequently improve the crystal quality of GaN layer on 
it and the reliability and performance of electronic and 
optoelectronic devices on SiC substrate.  
In the present study, we investigate the influence of 
growth conditions on the material quality of thin AlN film 
on SiC substrate. A two-step growth method is 
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demonstrated to improve the crystal quality of a thin AlN 
film. The mechanism of crystal quality improvement by 




2. Experimental details 
 
AlN films are grown on 4H–SiC (0001) substrates 
(Cree, Inc.) in a low-pressure horizontal MOCVD reactor 
(AIX 200/4 RF-S). Trimethylaluminum (TMAl) and 
ammonia were used as Al and N precursors, and H2 was 
used as the carrier gas during AlN growth. Initially, the as-
received SiC substrate is annealed at 1100 ºC for 10 min to 
remove surface contaminations, and no other treatment is 
carried out on the substrate. In order to investigate the 
influence of the growth temperature and V/III molar ratio 
on the material quality of an AlN film,  two sets of 
samples were directly grown on SiC by using different 
V/III molar ratios of 230 and 7700 (named Set I and II), 
respectively. For both of two set samples, TMAl flow was 
kept as 8.2 μmol/min, and the V/III molar ratios were 
calibrated by varying the NH3 flow rates. The growth 
temperature was changed in a range from 970 ºC to 1130 
ºC, while other growth parameters were kept constant. The 
third set of the AlN (named Set III) was grown by 
employing a 5 nm-thick LT-AlN nucleation layer prior to 
high temperature growth. In the two-step growth, the LT-
AlN nucleation was carried out in the region from 650 ºC 
to 950 ºC, and then the reactor temperature was ramped to 
1130 ºC at a rate of 76 ºC/min. After that, the LT-AlN 
nucleation was annealed at 1130 ºC for 120 seconds, 
followed by high temperature AlN growth at this same 
temperature. All the AlN films have the same thickness of 
~ 100 nm, which is the thickness that is normally used as a 
buffer layer for GaN and HEMT structure growth [4, 5, 
13].  
A high resolution X-ray diffractometer (Rigaku-
Smartlab) was employed to examine the crystallite quality 
of the epitaxy AlN films, delivering a CuKa1 line of 
wavelength λ = 0.1541 nm. The atomic force microscopy 
(AFM), Veeco di-CP II, was used to evaluate the surface 
morphology of the as-grown AlN films by contact mode. 
Cross-sectional transmission electron microscopy (TEM) 
is performed by use of a Topcon 002B operating at 200 kV. 
 
 
3. Results and discussion 
 
The full width of half maximum (FWHM) of 
symmetric (0002) and asymmetric (10-15) X-ray rocking 
curves (XRCs) for the Set I and Set II as a function of 
growth temperature are shown in Fig. 1a and 1b, 
respectively. The FWHM of symmetric XRC for the 
epitaxy films with high density of defects, such as AlN on 
SiC substrate, is sensitive to the threading dislocations 
with screw component in the film, while the FWHM of 
asymmetric XRC is sensitive to all kinds of threading 
dislocations [14]. Obviously, the FWHMs of (0002) and 
(10-15) XRCs from both two sets show a similar tendency: 
they decrease with the increase of the growth temperatures, 
similar to previous report [12]. It is because the high 
growth temperature helps to promote the surface migration 
of Al atoms and improve the AlN crystalline quality. 
Moreover, the FWHMs of both (0002) and (10-15) XRCs 
from the Set II are remarkably smaller than those from Set 
I, indicating a superior crystalline quality of the AlN films 





Fig. 1. FWHMs of the (0002) and (10-15) XRCs for 100 
nm-thick AlN films grown directly on SiC at V/III molar 
ratio of 230 (a) and 7,700 (b), as a function of the growth  




Fig. 2. RMS surface roughness of Set I and Set II AlN 
films as a function of the growth temperature. 
 
 
The surface root mean square (RMS) roughness for 
Set I and Set II AlN films as a function of growth 
temperatures is summarized in Fig. 2. As shown in this 
figure, the AlN films grown under a higher V/III molar 
ratio exhibit a relatively low surface roughness compared 
to the samples grown with a low V/III molar ratio at the 
same growth temperature. At 1130 ºC, the RMS roughness 
was measured as 2.6 nm and 1.3 nm over a 2 × 2 µm2 area 
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for Set I and Set II, respectively. Moreover, the RMS 
roughness of the AlN films decreased remarkably with the 
increase of growth temperature for both of the two set 
samples. According to Fig. 1 and 2, our experiment results 
suggest that a relatively high growth temperature and a 
high V/III molar ratio help to improve the crystalline 
quality, as well as AlN surface smoothness. It is easy to 
understand the effect of growth temperature on the quality 
of AlN film. High V/III ratio might decrease the interfacial 




Fig. 3. 2 × 2 µm2 AFM images of 100 nm-thick AlN films grown directly on SiC under a V/III molar ratio of 7,700 at 
970  ºC (a), 1020 ºC (b), 1100 ºC (c), and 1130 ºC (d). 
 
 
AFM images of the Set II samples with a growth 
temperature from 970 ºC to 1130 ºC are shown in Fig. 3. 
On the surface of the AlN grown at 970 ºC (Fig. 3a), a 
high density of islands was found with random 
distributions. The RMS roughness was measured as 4.7 
nm over a 2 × 2 µm2 area. When the growth temperature 
increased to 1020 ºC, the island-like structure partially 
coalesces, as shown in Fig. 3b. When the growth 
temperature further increased to 1100 ºC and 1130 ºC, the 
island structure nearly coalesced fully but there is still high 
density of pits on the surface. The images showing 
coalesced process on the surface proved that higher growth 
temperature promotes the motion of Al atoms, in turn 
leading to improved crystalline quality. While for Set I, 
the AFM images (not shown here) exhibit that the three 
dimensional (3D) growth mode is kept during the growth 
process with varied growth temperatures, and the surface 
roughness is not changed remarkably in our experiment 
temperature region due to the low V/III molar ratio.  
To further improvement of the material quality of thin 
AlN film on SiC, a novel two-step growth was applied by 
using a 5 nm-thick LT-AlN nucleation. The growth 
process was optimized by calibrating the LT-AlN 
nucleation growth temperatures from 650 ºC to 950 ºC, 
while the other growth parameters were kept constant. As 
shown in Fig. 4, the surface morphology of AlN strongly 
depends on the LT-AlN nucleation temperatures. When 
the growth temperatures of LT-AlN nucleation are lower 
than 850 ºC, the surface of the 100 nm-thick AlN exhibits 
a pit-free fully coalesced surface and maintains a RMS 
roughness of < 1 nm, which is remarkably lower than that 
of Set I and Set II. In addition, for the AlN film with a 750 
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ºC nucleation layer, a smooth surface with well-developed 
step is observed throughout the scan area, indicating a 
step-flow growth mode.  The surface RMS roughness is 
measured as 0.53 nm for a 2 × 2 µm2 scan area, as shown 
in the inset of the image. The height difference between 
the two adjunct steps corresponds to two monolayers of 
the AlN along the (0001) direction. For the 750 ºC 
nucleation sample, the FWHMs of AlN (0002) and (10-15) 
XRCs reach the value at 4.6 and 17.8 arcmin, respectively, 
which are also remarkably lower than those of Set I and 
Set II. The AFM images of sample with the 950 ºC 
nucleation layer tend to show a remarkably rougher  
surface (RMS = 3.26 nm).                                                                         





Fig. 4. 2 × 2 µm2 AFM images of 100 nm-thick AlN films grown on SiC with an LT-AlN nucleation layer deposited  
at 650 ºC (a), 750 ºC (b), 850 ºC (c),  and  950 ºC  (d).  Well-developed  step flow growth with a pit-free surface was  




To investigate the mechanism of the crystalline 
quality improvement by LT-AlN nucleation, AlN layers 
with thicknesses of 5 nm (the thickness as a nucleation 










Fig. 5a and 5b show the three-dimensional (3D) AFM 
images of the two samples, which are measured over 1×1 
µm2 scan area. A large number of randomly distributed 3D 
nuclei configured with quite sharp tops can be seen on the 














Fig. 5. Microscopic surface morphology of 5 nm AlN 
layers on SiC (as measured by AFM with 1×1 µm2 scan 
area) grown at (a) 1130 ºC, (b) 750 ºC, and (c) 750 ºC +  
                        annealing at 1130 ºC for 2 min. 
 
 
spite of only a 0.9% lattice mismatch between AlN and 
SiC [11, 15]. However, clear differences are observed in 
Fig. 5a and 5b. In Fig. 5a, the average diameter (~ 50 nm) 
of AlN nuclei is approximately half the size of what (~ 
100 nm) is shown in Fig. 5b. In addition, the root mean 
square (RMS) surface roughness over a 1×1 µm2 area is 
measured as ~ 0.18 nm and ~ 0.12 nm for the sample 
grown at 1130 ºC and 750 ºC, respectively. At the initial 
stage of epitaxy growth, the texture development is 
controlled by the minimization of both film/substrate 
interfacial energy and film surface energy, which are 
influenced by the epitaxy temperature. Our experimental 
results show that a lower growth temperature leads to 
larger nuclei and a relatively smoother surface, similar to 
previous reports [16, 17]. After in-situ annealing the LT-
AlN nucleation at 1130 ºC for 2 min, the top of the AlN 
nuclei become more rounded and some AlN nuclei are 
partially coalesced, as shown in Fig. 5c. It is due to the 
adatom motion at high temperature annealing process. 
Thin films grown on substrates with lattice mismatches 
usually exhibit a mosaic structure. In general, large grain 
size is desirable because the majority of dislocations in the 
epi-layer are formed at grain boundaries [18, 19]. 
Compared to AlN shown in Fig. 5a, Fig. 5c shows larger 
nuclei with smoother surface, which provide a better 
underlying seed layer for subsequent high temperature 







Fig. 6. Cross-sectional TEM micrographs from AlN films 
on SiC substrate. The film that was grown by the one-step 
method shows high density of threading defects (a), 
whereas the film grown on an AlN nucleation layer 
(indicated in the picture) has a much lower defect density (b).  
 
 
TEM is used to obtain detailed information on the 
configuration and the density of defects in samples with 
and without LT-AlN nucleation. TEM cross-sectional 
images of AlN film without and with 750oC nucleation are 
shown in Fig. 6a and 6b, respectively, showing all types of 
dislocations. In Fig. 6a, the high density of dislocations 
and domain boundaries are observed to start from the 
AlN/SiC interface region, and most of them are all the way 
through the AlN epi-film. Moreover, the high density of 
V-shape pits with a depth about 5-10 nm are seen on the 
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top of the threading defects, as shown in Fig. 6a. 
Compared to Fig. 6a, the density of defects in Fig. 6b is 
remarkably reduced. The interface between 5 nm-thick 
LT-AlN nucleation and high temperature AlN can be 
clearly observed in that figure. This reduction in 
dislocations occurs at the top of nucleation layer, which 
are denoted by white arrows. The TEM characterizations 
provide direct evidence that LT-AlN nucleation layer 
plays a key role to reduce the defect density in the AlN 
film on SiC substrate.  
Initially, AlN nuclei are formed on substrate, which 
subsequently coalesce to form larger grains and the 
threading dislocations get annihilated as the growth 
processes [20]. Finally, this results in the 2D step-flow 
growth for sample grown on 750 oC nucleation layer. For 
sample without LT-AlN nucleation, the 3D mode growth 
is kept from the initial nuclei to about 100 nm due to the 
low surface lateral mobility of atoms, in which the grains 
do not coalesce fully. It is well known that the epitaxy of 
high quality AlN on foreign substrate is difficult due to the 
poor motion of Al atoms on the growing surface and the 
high bond energy of Al and N [21]. To achieve high 
quality AlN with an atomic smooth surface, the high 
temperature (T > 1400 ºC) MOCVD or pulsed mode (Al 
and N precursors are introduced into reactor separately) 
growth are applied to enhance the atom diffusion length 
[20, 22]. Normally, the thick epitaxial film is also needed 
to obtain high quality material, due to the long grain 
coalesce process by the poor growth rate along the lateral 
directions. In present research, we demonstrate that a LT-
AlN nucleation and high temperature annealing process 
can supply a seeding layer with larger size of nuclei and 
smoother surface, which decrease the energy of Al atoms 
lateral motion, consequently promote the coalesce process 




Fig. 7. (0002) ω-2θ of 100 nm-thick AlN films grown with and 
without a 750 ºC LT-AlN nucleation layer. 
 
 
Fig. 7 shows the XRD (0002) ω-2θ scans of the AlN 
films with and without a 750 ºC LT-AlN nucleation layer. 
The dominant peaks in the figure are from the SiC 
substrates. For the AlN peak of the film with a LT-AlN 
nucleation, it has significantly smaller FWHM and higher 
intensity, compared to that of the film without LT-AlN 
nucleation, indicating the improvement of crystalline 
quality. Moreover, it has a larger angular separation from 
the SiC peak than that of the film directly grown on SiC, 
indicative of a slightly smaller c lattice constant. This 
shows that the film with LT-AlN nucleation is under 
greater biaxial tension than the AlN directly grown on the 
SiC. According to the lattice and thermal mismatch, AlN 
grown on SiC should experiences about -1.0% biaxial 
compressive strain after the structure cooling down [22-
24]. In contrast, the coalescence of masoic islands causes 
the biaxial tension strain in the film consisting of discrete 
grains, like AlN on SiC [25]. The LT-AlN nucleation can 
supply a seeding layer with larger size of nuclei and 
smoother surface, which can decrease the energy of Al 
atoms lateral motion, consequently promote the coalesce 
process and result in a fully coalesced step flow surface, as 
shown in Fig. 4. While the thin AlN films directly grown 
on SiC substrate (Set I) are not fully coalesced, and show 
the 3D rough surface. Therefore, the greater biaxial 
tension (smaller c lattice constant) in the AlN film with 
LT-AlN nucleation was attributed to an increased 
generation of grain coalesce tensional strain. 
GaN films with a 2 μm thickness were grown by using 
identical growth conditions on these two kinds of AlN 
buffer [26]. As was expected, for the GaN grown on two-
step AlN buffer, the full width at half maximum (FWHM) 
of the XRD rocking curve was measured as 124 arcsec for 
(0002) and 316 arcsec for (10-12) reflections, respectively. 
Whereas for the sample grown on one-step AlN buffer, it 
showed 276 arcsec for (0002) and 433 arcsec for (10-12) 
reflections, respectively. The higher crystal quality for the 
GaN layer by using an improved quality two-step AlN 
buffer layer was confirmed by the lower XRD FWHMs on 
both the symmetric and asymmetric reflections.  
In summary, we investigate the MOCVD growth and 
material characteristics of thin AlN layers on 4H-SiC 
substrates. The influence of growth conditions, such as 
growth temperature and the V/III molar ratio on the 
material quality of AlN film, was studied. The two-step 
growth method was applied to grow high quality AlN film 
by using a thin LT-AlN nucleation layer. After high 
temperature annealing, LT deposited AlN nuclei show a 
configuration of a larger size grain and smoother surface, 
compared to the sample that was directly grown on SiC at 
high temperature. For the 100 nm AlN film, the two-step 
grown sample exhibited well-developed parallel atomic 
steps, indicating a step flow growth mode and reduced 
dislocation density, which is confirmed by XRC and cross-
sectional TEM. The mechanisms of crystal quality 
improvement by using a LT-AlN nucleation layer were 
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